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Technology Predecessors

ESA/LISA Pathfinder

Credit: ESA

S5

Credit: NASA

Daniel K Inouye Solar TelescopeGrace Follow-On E-ELT M2

Credit: ESACredit: NSOCredit: NASA

WFIRST Coronagraph 
Instrument



Starshade Deployment



½ scale truss for HabEx ½ scale for HabEx

Truss Deployment Test



Starshade Technology Advances

1 × 10-10 Contrast over 10% bandwidth 

TRL 5  March 2020 TRL 5

<20 µm out of plane edge<1 m lateral displacement

Lateral Formation SensingStarlight Suppression

TRL 5
Controlling Scattered Sunlight
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Starshade Technology Advances

TRL 4
Petal Deployment Accuracy and Shape Stability

<300 µm petal deployment accuracy <140 µm petal shape accuracy

212 𝛍m goal
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Telescope Technology Advances

TRL 4

Surface figure error (rms): <19 nm; 5 nm 
(1–100 mm period), 0.1 nm surface 

roughness
CTE  ±3 ppb/K 

~0.5% Reflectance variation
2.5 m “diameter”, 34 samples protected silver

Large Monolith Mirror Fabrication

2 mm thick machined ribs 

2.4 m Coating Chamber (ZeCoat)



Phase Stable Laser

Telescope Technology Advances

TRL 4TRL 5
Laser Metrology Microthrusters

<0.1 µN/√Hz Noise on orbit

ESA/LISA Pathfinder

LISA pathfinder
Requirement

Injected 
Cal. Signal 

Beam launcher
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TRL 4

Instrument Technology Advances

Coronagraph Architecture

8.5 × 10-9 coherent raw contrast at 10% bandwidth 
Vector Vortex 

4 × 10-10 raw contrast at 10% bandwidth
Simple Lyot

Normalized Intensity (x 10-10)
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TRL 4
Contrast Stability - Zernike Wavefront Sensor

<0.36 mas rms residual line-of-sight error, ~26 pm rms sensitivity of focus, Mv=5

Instrument Technology Advances



TRL 4

Instrument Technology Advances

Detection Sensitivity

Deformable Mirrors

Ultra-low Noise UV and Visible EMCCD

Microchannel Plate 
Detector for UVS

64×64 MEMS 
Credit: BMC

LMAPD NIR photon counting

TRL 4
1k × 1k

TRL 5
320×256

Contrast



Large Mirror Technologies

Coating on 
samples
Over 4 m

Coating on
4 m substrateTRL 5 TRL 6

Large Mirror 
Coating Uniformity

Thermal uniformity 
acceptance test

Measure 
gravity sag

Spherical surface
TRL 5Lightweight

Large Mirror Fabrication

TRL 6
4 m mirror &

mount assembly
protoflight



Coronagraph Technologies

64 × 64 DM Flight Connectorization

TRL 5 TRL 6

Zernike WFS

Coronagraph Architecture

Zernike WFS 
Testbed

Coronagraph 
Testbed

TRL 5Vortex Mask

Deformable Mirror

TRL 5

2.5 × 10-10 contrast 
20% BW



Starshade

Full-scale deployable 
starshade 52 m dia.

TRL 5

TRL 6

Petal Unwrapping

Petal Shape and Stability

Full-scale PLUS
2.25 m stow dia.

TRL 5

Truss Deploy

TRL 5

Full-scale petal
16 m long ×4 m wide TRL 6

Scattered Sunlight from Petal Edge

GSE stowed truss with 22 med-
and 2 high-fidelity petals

Full-scale truss
20 m dia.

This is the Engineering 
Model starshade

petals

The S5 maturation philosophy is applied to mature to high fidelity, full-scale articles and TRL 6. 



Timeline

Enabling technologies will be TRL 5 in time for mission start in FY25

Funding start

TRL 5TRL 4 TRL 6 Funded



BACKUP



Technology Maturity Table (1 of 4)



Technology Maturity Table (2 of 4)



Technology Maturity Table (3 of 4)



Technology Maturity Table (4 of 4)



Large Mirror Coating Uniformity



Starshade Mechanical



Starshade Optical Performance
and Formation Sensing



Large Mirror Fabrication 



Coronagraph Testbed



Detectors



Microthrusters and Laser Metrology



Technology Maturation Cost
Table E-1. Technology cost estimates to TRL 5 & 6. 

Technology Gap Title Cost Estimate ($FY20) Basis of Estimate 
To TRL 5 To TRL 6 To TRL5 To TRL6 

Starshade Lateral Formation Sensing N/A $1.1M at TRL 5 Based on S5 SLATE testbed actual costs 
Starshade Contrast Performance Modeling 
and Validation N/A $10M Funded by S5 Based on S5 Contrast Performance testbed actual costs 

and grassroots estimate 
Starshade Scattered Sunlight N/A N/A Funded by S5 Included in starshade mechanical technologies 
Starshade Mechanical Technologies N/A $147M Funded by S5  Exo-S report and S5 estimates for TRL5 
Large Mirror Fabrication $40M $40M Quote from industry 
Large Mirror Coating Uniformity $5M $2.5M Quote from industry 
Laser Metrology N/A $0.5M At TRL 5  based on IRAD testbed actual costs 
Coronagraph Architecture N/A $7M Funded by TDEM Based on WFIRST CGI actual costs 
ZWFS N/A $1M Funded by DST Included in coronagraph architecture 
Deformable Mirrors N/A $1.5M Funded by WFIRST Based on WFIRST DM actual costs 
On Board Computing N/A $4 M Funded by SAT Based on SAT planned costs 
Delta Doped UV EMCCDs $4.6M $2.3M Vendor quote and grassroots estimate 
Deep Depletion EMCDDS $3.8M $2.3M Vendor quote and grassroots estimate 
Linear Mode Avalanche Photodiode Sensors $1.5M $1M Vendor quote and grassroots estimate 
Microchannel Plate Detectors $3.7M $2.6M Vendor quote and grassroots estimate 

Microthrusters N/A ($10M) At TRL 5 Covered by NASA candidate for LISA contribution, pending 
LISA microthruster requirement definition. 

TOTAL $58.6M $232.8M  
 

Table E-2.  Technology cost risk estimate for currently funded technologies to TRL 5. 

Technology Gap Title 
Cost Estimate 

($FY20) Basis of Estimate 

To TRL 5 To TRL5 To TRL6 
Starshade Contrast Performance Modeling and 
Validation TRL 5 by 1/2020 TRL 5 by 1/2020 S5 Technology Development Plan 

Starshade Mechanical Technologies $26M Funded by S5 S5 Technology Development Plan 
Coronagraph Architecture $1.1M Funded by TDEM WFIRST CGI and TDEM plan 
ZWFS $0.03M Funded by DST DST plan 
Deformable Mirrors TRL 5 by 10/2019 Funded by WFIRST WFIRST CGI plan and TDEM 
TOTAL $27.13M  

 The cost information contained in this document is of a budgetary and planning nature and is intended for informational 
purposes only. It does not constitute a commitment on the part of JPL and/or Caltech.



Required Facilities

Technology Title Facility Location Currently Exists 
Starshade Lateral Formation Sensing For SLATE testbed lab space and optical bench JPL Yes 
Starshade Contrast Performance Modeling 
and Validation 

308 m long, lightly evacuated, thermally stable tube with clean room 
surrounding mask insertion area TBD No 

Starshade Mechanical Technologies Vacuum chamber to thermally cycle 2.3 m × 8 m petal JPL Yes 
Starshade Mechanical Technologies Room for 10 m perimeter truss deployment  Northrop Grumman, Aerojet Yes 

Starshade Mechanical Technologies Deployment test of 52 m starshade 
NASA Ames, Northrup, 
Vandenburg AFB, Edwards AFB, 
Point Mugu Naval Base 

Requires upgrade 
to clean room 

Large Mirror Fabrication Mirror blank casting, machining, testing SCHOTT Yes 
Large Mirror Fabrication Final mirror figuring and testing Collins, L3 Harris, AOS Yes 
Mirror Coating Uniformity 4 m coating chamber L3 Harris Yes 
Coronagraph Architecture  Coronagraph Testbed in HCIT-1 or HCIT-2 JPL Yes 
ZWFS Coronagraph Testbed in HCIT-1 or HCIT-2 JPL Yes 
Deformable Mirrors Coronagraph Testbed in HCIT-1 or HCIT-2, Vacuum Surface Gauge JPL Yes 
Delta Doped EMCCD Delta doping facility at Microdevices Lab JPL Yes 
Detectors Detector testing lab JPL, Berkeley  Yes 

 

Most facilities required by HabEx already exist.



Optical Telescope Assembly (OTA) Specifications

• OTA is 
• off-axis unobscured 
• F/2.5  
• 3 x 3 arc-sec FOV 
• Three-mirror anastigmatic design

Aperture Diameter 4.0 meters
Diffraction Limited Wavelength 400 nm
Total Wavefront Error 30 nm rms (wavefront)
Total Primary Mirror Figure Error 5.6 nm rms (surface)

Low Spatial SFE (< 30 cycles/dia) 4.3 nm rms
Mid Spatial SFE (30 to 100 cycles/dia) 3.3 nm rms
High Spatial SFE (> 100 cycles/dia) 1.4 nm rms
Roughness 0.3 nm rms

Line of Sight Stability (Jitter) < 0.7 milli-arc-seconds
Wavefront Error Stability 1 to 250 pm (spatial frequency dependent)
Spectral Range 115 nm to 1700 nm

Specifications are within current State of Practice.



Predicted LOS Stability: Jitter

Jitter calculated by modeling motion of 
primary & secondary mirrors relative to 
tertiary mirror from structure response to 
micro-thruster noise specification. 

Max rigid-body motion yields < 0.03 mas jitter (20X margin)
Table 6:  Predicted maximum ‘jitter’ motion of PM and SM from Microthruster Noise 
DOF Δx (nm) Δy (nm) Δz (nm) Θx (nrad) Θy (nrad) Θz (nrad) 
Primary 0.20 0.08 0.16 0.04 0.04 0.03 
Secondary 0.67 0.58 0.03 0.05 0.06 0.15 

 

Microthrusters in 
8 locations


